The pharmacokinetics of apremilast and its major metabolite M12 were evaluated in subjects with varying degrees of renal impairment. Men and women with renal impairment (estimated glomerular filtration rate, 60-89 mL/min [mild, n = 8], 30-59 mL/min [moderate, n = 8], or <30 mL/min [severe, n = 8]) or demographically healthy matched (control) subjects (n = 24) received a single oral dose of apremilast 30 mg. Plasma apremilast and metabolite M12 concentrations were determined, and pharmacokinetic parameters were calculated from samples obtained predose and up to 72 hours postdose. In subjects with mild to moderate renal impairment, apremilast pharmacokinetic profiles were similar to healthy matched subjects. In subjects with severe renal impairment, apremilast elimination was significantly slower, and exposures based on area under the plasma concentration-versus-time curve from time zero extrapolated to infinity and maximum observed plasma concentration were increased versus healthy matched subjects. Metabolite M12 pharmacokinetic profiles for subjects with mild renal impairment were similar to those of the healthy matched subjects; however, they were increased in both the moderate and severe renally impaired subjects. Dose reduction of apremilast is recommended in individuals with severe renal impairment, but not in those with mild to moderate renal impairment.
pathways have been published by Hoffmann et al. 16 The predominant circulating metabolite, M12 (O-desmethyl apremilast glucuronide), is pharmacologically inactive and accounts for 39% of the circulating radioactivity after a single oral dose of [ 14 C]apremilast. 18 Because O-demethylation of apremilast is primarily catalyzed by the hepatic enzyme CYP3A4, CYP3A4 may play a major role in the oxidative metabolism of apremilast.
The 2 studies reported here were conducted to determine whether apremilast dose adjustments are needed in subjects with varying degrees of renal impairment. These studies evaluated the pharmacokinetics of apremilast and its major metabolite, M12, in subjects with mild and moderate renal impairment as well as in subjects with severe renal impairment who did not require routine dialysis.
Methods

Study Design
The renal impairment studies were conducted at 2 study centers (Site 001CO: St. Anthony's Medical Plaza 1, Lakewood, Colorado; Site 001MN: Minneapolis, Minnesota). The mild and moderate renal impairment study protocol, informed consent, and other related documents were reviewed and approved by the Western Institutional Review Board (Olympia, Washington) before the start of the study. The severe renal impairment study protocol, informed consent, and other related documents were approved by the Crescent City Institutional Review Board (New Orleans, Louisiana) and the Independent Investigational Review Board (Plantation, Florida) before the start of the study. All subjects were required to read and sign the approved informed consent form before entry into the study and before any study-related procedures were performed. These 2 similarly designed, 2-center, open-label, singledose studies evaluated the potential impact of mild and moderate renal impairment or severe renal impairment on the pharmacokinetics of apremilast and its metabolite M12 after oral administration. Subjects with mild, moderate, or severe renal impairment were separately matched with healthy subjects based on age (±15 years), sex, and weight (±20%).
Baseline safety and inclusion criteria assessments were conducted. Participants were confined to the study center the evening before apremilast dosing (eg, day −1, baseline) through the pharmacokinetic sampling period. Each subject received a single oral dose of apremilast on the morning of day 1 after fasting ࣙ 8 hours.
Blood samples for pharmacokinetic analysis were obtained at scheduled times up to 72 hours after apremilast administration. Subjects returned for follow-up safety evaluations 11-18 days after apremilast administration.
Subjects
The study included men and women (ࣙ18 and ࣘ80 years old) with a body mass index ࣙ 18 and ࣘ 36 kg/m 2 who were either medically stable with renal impairment or healthy (controls) and free of acute major illness for at least 1 Excluded from the study were individuals with any serious medical condition, clinically significant laboratory abnormality (except those related to renal impairment and associated complications), psychiatric illness that would prevent study participation, or a history of any unstable, clinically significant illness within 3 months before the study. Also excluded were individuals with renal impairment who had received a renal transplant or had hemoglobin < 9 g/dL, white blood cell count < 3000/μL or > 15 000/μL, aspartate aminotransferase or alanine aminotransferase > 2 times the upper limit of normal, total bilirubin > 2.2 times the upper limit of normal, international normalized ratio > 3, platelet count < 50 000/μL, or albumin < 3 g/dL. In both studies, healthy individuals were excluded if they had any surgical or medical conditions possibly affecting drug absorption, distribution, metabolism, and excretion, including but not limited to irritable bowel syndrome, peptic ulcer, cholecystectomy, and chronic liver disease, or use of any prescribed systemic or topical medication within 30 days before administration of the study medication. Individuals were excluded if they had a history of drug or alcohol abuse within 2 years before dosing or positive screening for illicit drugs or alcohol, or were carriers of the hepatitis B surface antigen or hepatitis C antibody. Individuals who were positive for human immunodeficiency virus antibodies and women who were pregnant or breastfeeding were not permitted to participate in either study.
Pharmacokinetic Sampling, Collection, and Analytical Methodology
Blood samples for determining apremilast and M12 plasma concentrations were collected predose (0 hour) and 0. Plasma and urine apremilast and M12 concentrations were measured using a validated liquid chromatography-mass spectrometry method conducted and validated by QPS, LLC (Newark, Delaware). The lower limit of quantitation is 1 ng/mL for apremilast and 5 ng/mL for M12. An achiral assay was used to measure plasma and urine apremilast and M12 concentrations.
For the plasma assay, apremilast and its internal standard were quantitatively extracted from 100 μL of plasma sample using a liquid-liquid extraction method with methyl tert-butyl ether and reconstituted The apremilast and M12 plasma methods had an assay range of 1-1000 ng/mL and 15-800 ng/mL with a precision (percent coefficient of variation [CV%]) of ࣘ7.3% and an accuracy (percent relative error [RE%]) of -2.27%-5.3%, and ࣘ6.7% and an accuracy (RE%) of −1.0%-2.9%, respectively.
For the urine assay, apremilast and M12 and their internal standards were quantitatively extracted from 50 μL of the urine sample using a liquid-liquid extraction method with 3.84 mg citric acid/mL urine using ethyl acetate: The apremilast and M12 urine assay used ranged from 15 to 1600 and from 150 to 16 000 ng/mL with a precision (CV%) of ࣘ7.3% and an accuracy (RE%) of -5.5%-3.9%, and with a CV% of ࣘ8.1% and an RE% of -3.3%-7.7%, respectively.
Pharmacokinetic Evaluation
The data analysis and data presentation were assessed using WinNonlin Professional version 5.3 software (Pharsight Corporation, Mountain View, California) and NONMEM version VI or higher (ICON Development Solutions, Ellicott City, Maryland).
Pharmacokinetic parameters were derived for apremilast and M12 by noncompartmental analysis and included area under the plasma concentrationversus-time curve (AUC) from time zero to the last measurable concentration (AUC 0-t ), AUC from time zero extrapolated to infinity (AUC 0-Ý ), maximum observed plasma concentration (C max ), time to C max (T max ), estimated terminal elimination half-life (t 1/2 ) in plasma, apparent total plasma clearance (CL/F; apremilast only), calculated as (dose/AUC 0-Ý ), and apparent total volume of distribution (V Z /F; apremilast only), calculated as ([CL/F]/λ Z ), where λ Z is the terminal rate constant, calculated by linear regression of the terminal portion of the log concentration-versus-time curve in plasma.
Amount of M12 excreted in urine was calculated by multiplying the urine concentration by the volume of urine of each collection interval. Renal clearance of M12 was then obtained by dividing the cumulative amounts of M12 in urine over a 72-hour period by its plasma AUC from 0 to 72 hours.
Safety
Safety was monitored throughout the studies based on collection of adverse events (AEs), complete physical examinations, vital signs, 12-lead ECGs, clinical laboratory safety tests, and a record of prior and concomitant medications.
Statistical Analysis
All subjects who received apremilast and had evaluable pharmacokinetic profiles were included in the pharmacokinetic analyses. Plasma concentration was summarized descriptively by group and time postdosing; pharmacokinetic parameters also were summarized descriptively by group (mean, standard deviation [SD], CV%, geometric mean, geometric percent coefficient of variation, minimum, median, and maximum). Mean ± SD apremilast and M12 plasma concentration-versus-time profiles were plotted using a linear scale and semilogarithmic scale. For AUC and C max , an analysis of variance (ANOVA) model was used to calculate the ratio of geometric means and its 90% confidence interval (CI) between subjects with renal impairment and healthy matched subjects. For the mild and moderate renal impairment study (impaired vs healthy), the ANOVA model included group (mild and moderate), status (impaired and healthy), and group-by-status interaction as a fixed effect and matched pair nested within group as a random effect. For the severe renal impairment study (impaired vs healthy), the ANOVA model included status (impaired vs healthy) as a fixed effect and matched pair as a random effect. For T max , the Wilcoxon signed rank test was performed, and Hodges-Lehmann estimate with its 90%CI was calculated for the median difference between subjects with renal impairment versus each respective group of healthy matched subjects.
Results
Subjects
A total of 48 subjects were enrolled in the 2 studies; of these, 8 subjects had mild, 8 had moderate, and 8 had severe renal impairment and were separately matched with 8 healthy subjects. All subjects were included in the pharmacokinetic analysis population except for 1 healthy matched subject in the severe renal impairment study who vomited 1 hour postdose and did not have evaluable pharmacokinetic profiles.
Subjects ranged from 33 to 72 years old in the mild and moderate renal impairment study and 50 to 74 years old in the severe renal impairment study ( Table 1 ). The baseline demographic and clinical characteristics such as weight, height, and body mass index are presented in Table 1 . The mild and moderate renal impairment study included 5 women and 3 men in each group, and the severe renal impairment study included 6 women and 2 men in each group.
Apremilast and M12 Pharmacokinetics
The plasma concentration-versus-time profiles for apremilast among subjects with mild renal impairment were similar in shape to those observed in healthy matched subjects ( Figure 1A ). Among subjects with moderate renal impairment, mean apremilast plasma profiles were slightly higher than those in the healthy matched subjects ( Figure 1B) , and among subjects with severe renal impairment, the overall apremilast plasma concentrations across times were higher than those in healthy matched subjects ( Figure 1C ). Apremilast pharmacokinetic parameters in subjects with mild or moderate renal impairment were generally comparable to those observed in healthy matched subjects; however, those with severe renal impairment differed from the healthy matched subjects (Table 2) .
Statistical analyses of AUC 0-Ý , C max , and T max indicated comparable overall exposure to apremilast in subjects with mild renal impairment and in healthy matched subjects ( Table 2 ). The apremilast AUC 0-Ý was 22% higher and C max was 13% lower in the moderate renal impairment group relative to the healthy matched subjects; however, the 90%CI for the apremilast AUC 0-Ý ratio (93.6%-159.3%), CL/F ratio (62.8%-106.8%), and C max ratio (69.8%-109.7%) contained unity or 100%, suggesting that the differences noted are not statistically significant (Table 2) . Statistical analysis of AUC 0-Ý , C max , and T max indicated increased overall exposure to apremilast in subjects with severe renal impairment compared with healthy matched subjects ( Table 2) . Mean apremilast AUC 0-Ý was 88.5% higher and mean C max was 41.6% higher in subjects with severe renal impairment compared with healthy matched subjects. The corresponding 90%CIs did not contain unity or 100%, indicating significantly greater overall apremilast exposure. T max was largely unchanged (Table 2) . Further statistical analysis revealed that increased apremilast exposure was likely due to slower elimination. The t 1/2 was prolonged by 27% (2.5 hours), and systemic CL/F and V Z /F were decreased by 47.1% and 32.7%, respectively. Based on the calculated 90%CI, the decrease in apremilast CL/F with severe renal impairment was statistically significant compared with healthy matched subjects. The plasma concentration-versus-time profiles for M12 among subjects with mild or moderate renal impairment were generally higher than those observed in healthy matched subjects (Figure 2A,B) . The plasma concentration-versus-time profiles for M12 among subjects with severe renal impairment differed in shape compared with healthy matched subjects ( Figure 2C ), marked by relatively greater M12 plasma concentrations throughout the postdose evaluation period. Statistical analysis of AUC 0-Ý and C max indicated that overall exposure to M12 was higher in subjects with mild, moderate, or severe renal impairment compared with healthy matched subjects ( Table 3) . Subjects with mild renal impairment had AUC 0-Ý and C max values that were 29.6% and 30.8% higher, respectively, than those in healthy matched subjects. The 90%CI for M12 AUC 0-Ý and C max ratio contained unity or 100%, suggesting that the difference was not statistically significant between the mild renal impairment group and the healthy matched group in M12 AUC 0-Ý and C max . In the subjects with moderate renal impairment, AUC 0-Ý and C max were 61.4% and 16.9% higher, respectively, than those in the healthy matched subjects. The 90%CI for the M12 AUC 0-Ý ratio did not contain unity or 100% ( Table 3 ), suggesting that the difference was statistically significant between the moderate renal impairment group and the healthy matched group in M12 AUC 0-Ý . The 90%CI for M12 C max ratio contained unity or 100%, suggesting that the difference in M12 C max was not statistically significant between the moderate renal impairment group and the healthy matched group. Analysis of pharmacokinetic parameters indicated a greater overall M12 plasma concentration throughout the postdose evaluation period for subjects with severe renal impairment compared with healthy matched subjects. M12 pharmacokinetic parameters in subjects with severe renal impairment also differed from those observed in healthy matched subjects (Table 3) . Significantly greater overall exposure to M12 was observed among subjects with severe renal impairment than among healthy matched subjects, based on increases in AUC 0-Ý (191.7%) and C max (42.9%). T max was delayed 6.25 hours in subjects with renal impairment compared with healthy matched subjects, which was statistically significant (P ࣘ .05). Renal clearance of M12 was decreased in subjects with renal impairment compared with healthy matched subjects The ratio of geometric means (renal impaired/healthy matched) with its 90%CI was calculated from an analysis of variance (ANOVA) model, based on the natural log-transformed pharmacokinetic values.
For the mild and moderate renal impairment study, the ANOVA model included group (mild and moderate), status (impaired and healthy), and group-by-status interaction as fixed effects and matched pair nested within group as a random effect. For the severe renal impairment study, the ANOVA model included status (impaired and healthy) as a fixed effect and matched pair as a random effect. (geometric mean renal clearance was 2.35 L/h for subjects with mild renal impairment, 3.67 L/h for healthy subjects matched with subjects with mild renal impairment, 1.84 L/h for subjects with moderate renal impairment, and 3.02 L/h for healthy subjects matched with subjects with moderate renal impairment). As with apremilast, increased M12 exposure was accompanied by elimination (t 1/2 ) that was prolonged by 62% (10.5 hours); M12 CL/F and V Z /F were not examined.
Safety
In the mild and moderate renal impairment groups and their healthy matched groups, a total of 9 subjects (mild renal impairment, n = 2; moderate renal impairment, n = 2, and healthy matched, n = 5) reported 22 AEs. Of these, 6 subjects (mild renal impairment, n = 2; moderate renal impairment, n = 1; and healthy matched, n = 3) had AEs suspected to be related to study medication or procedures, including headache, nausea, epigastric discomfort, and dysgeusia in subjects with mild or moderate renal impairment and cheilitis, back pain, increased blood creatinine phosphokinase, and headache in healthy matched subjects. In the severe renal impairment group and the healthy matched group, 6 subjects (severe renal impairment, n = 4; healthy matched, n = 2) reported 9 AEs. Of these, 5 subjects had AEs considered possibly related to study medication or procedures, including headache, dizziness, and upper abdominal pain in 3 subjects with severe renal impairment and nausea, vomiting, and pain in the extremity in 2 healthy matched subjects. All AEs were each reported by 1 subject, except headache (n = 2).
The most commonly reported AEs were nervous system disorders (dizziness, headache). Most AEs were mild or moderate in severity and resolved without intervention. One serious AE, acute exacerbation of existing chronic obstructive pulmonary disease, was reported in a subject with severe renal impairment; this AE occurred several days after the subject received apremilast, was considered unrelated to study medication, and resolved. One serious AE, myocardial infarction, was reported in a subject with mild renal impairment; this AE occurred >1 week after the subject received apremilast, was considered unrelated to study medication, and resolved. No deaths or AEs leading to discontinuation occurred.
No apparent group-related trends were observed in subjects with renal impairment (mild, moderate, or severe) or in healthy matched subjects after apremilast administration, based on physical examination find- ings, vital signs, 12-lead ECGs, and clinical laboratory investigations.
Discussion
Main findings from the 2 renal impairment studies demonstrated that the pharmacokinetic exposure of apremilast, based on the AUC 0-Ý and C max of apremilast, was largely unaffected by mild and moderate renal impairment. However, apremilast pharmacokinetic exposure was increased among subjects with severe renal impairment compared with healthy matched subjects. The pharmacokinetic profile of apremilast in these subjects with severe renal impairment indicated that the elimination was significantly slower. The plasma concentration-versus-time profile in the subjects with severe renal impairment can be described with a 1-compartment population pharmacokinetic model with a first-order absorption rate constant and lag time. A population pharmacokinetic model was used to simulate concentration-versus-time profiles in subjects with severe renal impairment. The disease effect of PsA (36% slower clearance), based on a population pharmacokinetic model built in a phase 3 study, was also taken into consideration. Modeling and simulation suggest that a reduced dose of apremilast 30 mg once daily produces apremilast exposure in subjects with severe renal impairment (eGFR < 30 mL/min/1.73 m 2 or creatinine clearance < 30 mL/min) comparable to that of apremilast 30 mg twice daily in subjects without renal impairment (Figure 3) . Thus, dose adjustment is not needed when administering apremilast to subjects with mild or moderate renal impairment. However, in subjects with severe renal impairment, the dose should be lowered to 30 mg administered once daily.
The absolute bioavailability of apremilast is 73% in healthy subjects; therefore, if an increase in absorption is responsible for this increase in apremilast exposure, then it can increase by 37% at most. In these studies, the AUC increased by 89% in subjects with severe renal impairment; thus, the increase in exposure in subjects with severe renal impairment is unlikely to be a result of an increase in bioavailability. Because the apparent clearance of apremilast in subjects with severe renal impairment was nearly half (53%) that of the healthy matched subjects, and it is unlikely that all this change can be attributed to a change in absorption, it is likely that this change in exposure can be attributed to a decrease in the elimination of the parent apremilast compound. As discussed, apremilast is only minimally eliminated unchanged in urine, and metabolism plays a significant role in its elimination. Apremilast is extensively metabolized via multiple hepatic and nonhepatic pathways, such as nonenzymatic hydrolysis, noncytochrome P450 (CYP)-dependent N-deacetylation, and oxidative metabolism followed by glucuronide conjugation, catalyzed by multiple enzymes, and generating a total of 21 known metabolites. 16 The M12 metabolite is the primary circulating metabolite and is formed by glucuronide conjugation of O-demethylated apremilast. O-demethylation of apremilast is primarily catalyzed by the hepatic enzyme CYP3A4; therefore, CYP3A4 may play a major role in the oxidative metabolism of apremilast. Interestingly, although metabolism is a major route of elimination for apremilast, the pharmacokinetic profile of apremilast is largely unaffected by moderate and severe hepatic impairment. 19 The diverse metabolism of apremilast may explain the lack of effect of moderate and severe hepatic impairment on the pharmacokinetics of apremilast observed. [20] [21] [22] [23] [24] In vivo and in vitro studies have shown that uremia and various uremic byproducts, which build up in renally impaired patients, can change the drug metabolism of various compounds. Therefore, when compounds that are highly metabolized (ie, fraction of unchanged drug excreted through urine [f e ] < 5%) show altered clearance (in the absence of changes in blood flow or protein binding), it can be assumed that this change in nonrenal clearance may be attributed to a change in the metabolic activity or a change in the intrinsic clearance. An example of this is repaglinide, which is a hypoglycemic agent metabolized predominantly by CYP2C8 and CYP3A4 and excreted through bile in healthy volunteers, with an f e < 0.1%. Pharmacokinetic values for repaglinide were similar between subjects with mild to moderate renal impairment and subjects with normal renal function. Mean half-life increased nearly 4-fold after 1 week of treatment in subjects with severe renal impairment, and AUCs were significantly greater after single and multiple dosing. 25 Protein binding was similar in subjects with renal impairment and healthy matched subjects. Therefore, it is likely that with repaglinide, intrinsic clearance was decreased in subjects with severe renal impairment. These finding are supported by the expert opinions that chronic renal failure alters and decreases intestinal, renal, and hepatic drug metabolism, including CYP3A4 and transport, producing a clinically significant impact on drug disposition. 26 Therefore, a decrease in metabolism in patients with severe renal impairment may explain the observation in the present study that apremilast clearance was reduced in patients with severe renal impairment.
Apremilast has not been evaluated in patients on hemodialysis. Because apremilast is a small molecule, the drug is expected to readily pass through a dialyzer. Therefore, drug exposure may be lower than the target exposure in patients on hemodialysis following apremilast therapy.
The pharmacokinetic profile of apremilast's major metabolite, M12, did not change with mild renal impairment. However, in subjects with moderate renal impairment, the overall exposure of M12, based on AUC 0-Ý only, was increased compared with that in their healthy matched subjects, and in subjects with severe renal impairment, the exposure of M12 based on both AUC 0-Ý and C max was increased. The increase in M12 AUC 0-Ý was directly related to the increase in severity of renal impairment. M12 is eliminated via the renal route. Renal clearance of M12 decreased 40% in subjects with mild or moderate renal impairment. Similar to that of other small hydrophilic molecules such as creatinine, M12 elimination from the body is expected to slow and its plasma level to rise in patients with renal impairment. M12 is a glucuronide conjugate of Odemethylated apremilast, and it is pharmacologically inactive. These results support the finding that no dose adjustment for apremilast is needed in patients with mild and moderate renal impairment.
In both studies, no unexpected AEs or safety signals were considered related to apremilast after a single oral 30-mg dose. The most commonly reported AEs (nervous system disorders such as dizziness and headache) are consistent with those observed in clinical studies. 10, 12, 27 A number of AEs were considered to be related to underlying renal impairment. Changes in vital signs, clinical laboratory parameters, or 12-lead ECGs after apremilast administration demonstrated no clinically significant trends or patterns.
Although this evidence is encouraging for the potential use of apremilast in patients with renal impairment, the small, single-dose nature of the current studies limits interpretability in clinical settings in which a repeated daily dosing regimen would be used. Patients with clinically significant renal impairment should be closely monitored when initiating any new drug regimen and routinely followed for possible treatment-related AEs.
Conclusions
The pharmacokinetics of apremilast were unaltered in subjects with mild and moderate renal impairment, but were changed significantly in subjects with severe renal impairment who had slower clearance and increased exposure of apremilast compared with healthy matched subjects. As a result, a dose adjustment is not necessary in patients with mild and moderate renal impairment. A reduced dose of apremilast 30 mg once daily is recommended in patients with severe renal impairment (eGFR < 30 mL/min/1.73 m 2 or CLcr < 30 mL/min).
